Background: In a previous report, we demonstrated the presence of cells with a neural/glial phenotype on the concave side of the vertebral body growth plate in Idiopathic Scoliosis (IS) and proposed this phenotype alteration as the main etiological factor of IS. In the present study, we utilized the same specimens of vertebral body growth plates removed during surgery for Grade III-IV IS to analyse gene expression. We suggested that phenotype changes observed on the concave side of the vertebral body growth plate can be associated with altered expression of particular genes, which in turn compromise mechanical properties of the concave side. Methods: We used a Real-Time SYBR Green PCR assay to investigate gene expression in vertebral body growth plates removed during surgery for Grade III-IV IS; cartilage tissues from human fetal spine were used as a surrogate control. Special attention was given to genes responsible for growth regulation, chondrocyte differentiation, matrix synthesis, sulfation and transmembrane transport of sulfates. We performed morphological, histochemical, biochemical, and ultrastructural analysis of vertebral body growth plates. Results: Expression of genes that control chondroitin sulfate sulfation and corresponding protein synthesis was significantly lower in scoliotic specimens compared to controls. Biochemical analysis showed 1) a decrease in diffused proteoglycans in the total pool of proteoglycans; 2) a reduced level of their sulfation; 3) a reduction in the amount of chondroitin sulfate coinciding with raising the amount of keratan sulfate; and 4) reduced levels of sulfation on the concave side of the scoliotic deformity.
Introduction
Scoliotic deformity is one of the most common spine pathologies affecting children and adolescents. Idiopathic scoliosis (IS) occurs in otherwise healthy children and adolescents, affecting 2-4 million people in the Russian Federation (extrapolated from [1] ) and approximately 8 million in the United States,
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International Publisher representing tremendous medical, social, and financial burden [2, 3] . While etiological factors of IS have not been identified [4] , [5] , which to some extent could be attributed to the absence of a proper animal model [6] , several hypotheses have tried to delineate possible causative factors. The first hypotheses founded on a biomechanical model was offered by Somerville in 1952 [7] and further elaborated by Roaf [8] . In modern times, mechanical effects on vertebral growth have been investigated in detail by Ian Stokes (e.g. [9] ).
While all agree that asymmetric growth of the concave and convex sides of vertebral body growth plates causes IS deformity (e.g. [9] ) and implementation of the Hueter-Volkmann principle is intuitive [10] , approaches based on biomechanical models were not able to offer radical cure or prevention. During the last few decades, the genetic nature of IS has been intensively investigated, but recent studies concluded that identification of genes determining the development of this disease is very difficult [11] . Some studies have even achieved rather contradictory data. Gorman et al., [12] analyzed 50 representative studies including 34 candidate gene studies and 16 full genome ones. The authors concluded that contemporary data on the genetics of IS do not explain its etiology and could not be used to determine the prognosis of the disease [12] . Different treatment strategies based on neurological models also were investigated, but general agreement is that additional research is needed (for a detailed account of IS hypotheses see [1, 13] ). The analysis of Wang and co-authors on contemporary hypotheses and approaches to an IS cure concluded that "The current treatment at best is treating the morphologic and functional sequelae of AIS and not the cause of the disease" [14] .
Driven by the fact that prevailing models cannot explain pathological features of IS [15, 16] , Burwell and co-authors outlined a novel multifactorial Cascade Concept of IS pathogenesis [17] , which together with previous ideas by the same group [18] put an emphasis on epigenetic factors affecting vertebral growth in infancy and early childhood.
We hypothesised that such epigenetic factors may affect vertebral structure development much earlier, during neural crest cell migration through somites, resulting in altered vertebral growth plate differentiation. In a previous report, we demonstrated the presence of cells with a neural/glial phenotype on the concave side of the vertebral body growth plate in IS and proposed this phenotype alteration as the main etiological factor of the IS [19] . In the present study we utilized selected specimens from the same study (vertebral body growth plates removed during surgery for Grade III-IV IS) to analyse gene expression. We suggested that phenotype changes observed on the concave side of the vertebral body growth plate can be associated with altered expression of particular genes, which in turn compromise mechanical properties of the concave side. This study included morphological and biochemical analyses of the vertebral growth plate of the deformity and investigation of the expression of genes whose products can influence IS development. The objective of the study was to conduct an expression analysis of the genes regulating differentiation and functioning of chondrocytes, as well as the synthesis of intracellular matrix components, with simultaneous morphological and biochemical analyses of the growth plate cartilage in IS.
Materials and Methods

Clinical specimens
Vertebral body growth plates from the curve apex and from above and below the curve apex were removed during the surgery of anterior release and interbody fusion in 12 patients aged 11-15 years with IS of Grade III-IV [19] . An ideal control for this study would be normal, non-hypoxic human growth plate specimens from non-scoliotic subjects of corresponding ages. However, such specimens are extremely rarely accessible; for example, these specimens may become available following urgent surgery for spinal trauma, when removal of vertebral body growth plates would be dictated by treatment requirements. In reality, however, such control specimens have never been achievable in our settings (or for other research groups, as far as we know). However, existing information allows for bridging gene expression patterns from vertebral body growth plates of different developmental stages and then using available specimens as a provisional control. Comparison of gene expression patterns of human vertebral fetal growth plate cartilage showed similarities between 8-12 and 12-20 week old fetal cartilage [20] [21] [22] . No obvious changes were observed in RAGE expression between fetal, juvenile, and young adolescent discs (until the age of 13 years) [23] . Therefore, as a provisional control, cartilage structural components of the human fetal spine at 10-12 weeks of development were used. Ten specimens were obtained from healthy women immediately after medical abortions performed in the clinics licensed by Ministry of Health of The Russian Federation, in accordance with the approved list of medical indications. All patients gave written informed consent to participate in the study. The study was performed in accordance with the ethical principles of the Helsinki Declaration and standards of the Institutional Bioethical Committee.
Morphology, histochemistry, biochemistry, ultrastructural analysis. Morphological, histochemical, biochemical, and ultrastructural studies of cells and matrix growth plates of the vertebral bodies of patients with IS and of the control samples were performed according to protocols described previously [24] .
Isolation of cells from tissue specimens
Hyaline cartilage of the growth plates and fetal cartilage were washed in saline solution, milled to a size of 1-2 mm in a petri dish with a minimal volume of Roswell Park Memorial Institute (RPMI) medium, placed in a 1,5% solution of collagenase in siliconized dishes and incubated in a CO2 incubator at 37°C for 22-24 hours. The resulting cell suspension was passed through a nylon filter to remove the tissue pieces, and the cells were pelleted by centrifugation for 10 minutes at 2000 rpm. The pelleted cells were re-suspended in saline, and the total amount of cells was determined using a haemocytometer.
Isolation of RNA from cells and preparation of samples for PCR
Total cellular RNA was isolated from cells by the trizol method (TRI Reagent, Sigma, USA) according to the manufacturer's recommendations. The precipitated RNA was dissolved in 30-50 µl of RNAse-free water (Fermentas, Latvia).
To remove genomic DNA, the isolated RNA was treated with RNAse-free DNAse (Fermentas, Latvia) according to the manufacturer's recommendations. cDNA was obtained from reverse transcription of 2 μg of total RNA of each sample using the Oligo ( Table  1 . The PCR results were evaluated by the computer program iCycler IQ 5. The specificity of the reaction was determined by analyzing the melting curves of amplification products ranging from 65°C to 95°C in increments of 1°C. To control PCR crosscontamination, RNAse-free water was added to the RNA precipitate, which was then used as a negative control. The gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a reference housekeeping gene. PCR products obtained after amplification of cDNA with specific primers were used as standards.
To construct the calibration curves, serial dilutions were prepared from obtained standards, and the Real-Time SYBR Green I PCR reaction was conducted.
The GAPDH gene was chosen as a reference gene to evaluate the relative levels of mRNA expression of target genes. The average value of a target gene was divided by the average value of the GAPDH gene for normalization. To represent the data, the smallest value designated as a calibrator was taken from the obtained normalized data. To calculate the relative amount of a target gene, normalized values of this gene were divided by the value of the calibrator ( Figures 3, 4) .
Statistical analysis
Statistical analysis of the results was performed using the package Microsoft Office Excel 2007 and the standard software package STATISTICA 6,0. The arithmetic mean value (M) and standard error of the mean value (m) were determined. The nonparametric statistical Mann-Whitney U-test was used to identify the difference in the probability of compared averages. Differences were considered significant at the 5% significance level (p < 0.05). Factor analysis was performed using the software package STATISTICA 6,0.
Results and discussion
Justification of the choice of candidate genes determining the development of IS
One undeniable factor in the formation of scoliotic deformity is the asymmetry of growth, which rationalizes choosing the growth plate as a possible source of misbalanced genetic growth regulations. By the time of birth, the vertebral body undergoes enchondral osteogenesis, with the exception of the cartilaginous plate, which undergoes longitudinal spinal growth. The process of growth in the postnatal period is a step-morphogenesis, the essence of which is proliferative periodization and chondrocyte differentiation from minimal differentiation to terminally differentiated chondrocytes and subsequent osteogenesis. Because regulations of both embryonic and postnatal development follow the same pattern [25] , embryonic growth plates (12 weeks of embryogenesis) were utilized as controls for the study of gene expression levels.
Morphological and biochemical criteria of growth asymmetry
Structural and functional organization of the growth plates on the convex and concave sides of the spinal deformity were studied to evaluate qualitative and quantitative differences.
Biochemical data
The levels of proteoglycans (PG) and of their constituent glycosaminoglycans (GAGs) on the convex and concave sides of the deformity apex quantified by biochemical methods are presented in Table 2 . Decreases in the share of PG1 in the total pool of PG and in the level of sulfation, which reduces the amount of chondroitin sulfate (CS) and raises the amount of keratan sulfate (KS), were detected on the concave side of the deformity. Electrophoretic separation of PG from vertebral body growth plates showed a reduction in the amount of CS and an increase in KS.
Light microscopy analysis of growth plates of the scoliotic deformity
The growth plate on the convex side of the deformity showed preserved structural organization ( Figure 1A) . Columns of chondrocytes are arranged horizontally with respect to the axis of the spine and consist of 4-5 cells with large nuclei and narrow rims of cytoplasm. Groups of chondrocytes are embedded in homogeneous matrix. There are 1-2 nucleoli and dispersed chromatin in each nucleus. The ultrastructure of these cells corresponds to the differentiated stage. High polymeric CS are defined in chondrocytes and extracellular matrix ( Figure 1C) .
The concave side of the growth plate is devoid of zonal structuring. The poorly differentiated chondroblasts are scattered in the matrix. Rare cell groups, consisting of few cells, are localized in the lower layers ( Figure 1B) . Highly polymerized structures of CS are present in much low density in the matrix and cells ( Figure 1D ).
An acellular matrix containing highpolymerized PGs is located between the convex and concave sides of the growth plate deformity. Vessels penetrating vertebral growth plate are accompanied by osteogenesis (data not shown).
Ultrastructural analysis.
Chondrocytes on the convex side (columnar arrangement) have off-centre nuclei, with both dispersed and condensed chromatin. The Golgi apparatus with numerous vacuoles is dispersed throughout the cytoplasm (Figure 2A ). Ultrastructural arrangement of chondrocytes on the concave side is strongly modified: scarce Golgi apparatus, mainly located near nuclei, connected to inflated cisternae of the endoplasmic reticulum. Nuclei contain electron-dense chromatin assembly ( Figure 2B) .
A layer of hypertrophic cells consists of two types of chondrocytes: actively synthesizing and terminally differentiated cells, some of which undergo apoptosis. Cytoplasmic granules of CDH and NADH-diaphorase are found in the cells of the column layer and in the active hypertrophic cells. The cytoplasm of the lower hypertrophic cell layers is filled with granules of alkaline phosphatase (data not shown).
Study of the expression of candidate genes conceivably determining IS
Alterations in the structural organization of cells and matrix on the concave side of the spinal deformity are the obvious cause of growth asymmetry. The presented data suggested the following basis for the selection of possible candidate genes determining IS. The expression levels of genes regulating the differentiation and metabolism of growth plate cartilage cells localized on the concave and convex sides of the deformity were investigated to identify genes whose hypo-or hyper-expression may cause the development of IS. The following genes were selected: genes involved in chondrocyte growth regulation: growth factors (GHR, EGFR, IGF1R, and TGFBR1), in differentiation signaling (IHH, PAX1, PAX9, and SOX9), in the regulation of essential protein synthesis -structural components of matrix PGs (ACAN, LUM, VCAN, COL1A1, СOL2A1, and HAPLN1), and in the sulfation and transmembrane transport of sulfates (DTDST, CHST1, and CHST3).
The expression levels of genes of interest measured relative to the expression level of the housekeeping gene GAPDH are presented in Figure 3 . The studied genes can be divided into three groups according to their expression levels in cells of patients with IS relative to control cells: expression level does not differ from the norm (ACAN, LUM, VCAN, COL1A1, COL2A1, IGF1R, and GHST1), is below the norm (PAX9, SOX9, HAPLN1, and GHR), and is significantly higher than the norm (IHH, PAX1, TGFBR1, EGFR, SLC26A2, and CHST3).
The genes of the first group (ACAN, LUM, VCAN, COL1A1, COL2A1, IGF1R, and GHST1) are mainly represented by genes encoding proteins or PG core -peptide components of the matrix. The main structural components of the matrix are collagen and PGs [26, 27] . Collagen I is the major collagen type of bone tissue. It is present in fetal cartilage and initiates the differentiation of osteoblasts in the endochondral osteogenesis zone [28] [29] [30] . Collagen II is the major collagen of the mature cartilage matrix. It constitutes the structural basis of the chondron and forms a chondrometabolic barrier together with PGs [24] . Cartilage PGs perform metabolic, barrier, receptor, and other functions [31, 32] . Aggrecan is the most representative cartilage PG. It contains up to 100 CS chains covalently bound to a protein core [33, 34] . Versican is a component of the extracellular matrix containing long CS chains. It is involved in chondron formation, matrix stabilization, cell proliferation, adhesion and migration in early embryogenesis [35] . The functions of lumican are to organize and "bind" collagen fibers. Another gene in this group is CHST1 (carbohydrate (KS Gal-6) sulfotransferase 1), which transfers sulfate groups [36] .
Unchanging levels of expression of these genes in patients with IS indicate that the protein matrix components in this group are synthesized normally and, apparently, cannot cause the development of IS.
A group of genes with low levels of expression in IS consists of genes with different functions. Key genes encoding the transcription factors PAX9, SOX9, and GHR and the link-protein gene HAPLN1 are found in this group. Low expression of HAPLN1 may reduce the contact between the structural components of the matrix, thus adversely affecting mechanical properties of the cartilage [37] . Growth hormone is one of the key hormones that regulate cartilage cell metabolism [38] . Reduced GH receptor expression in growth plate chondrocytes of the vertebral bodies, as compared with the control, notably diminishes binding of growth hormone by these cells and its efficiency. The genes PAX9 and SOX9, encoding transcription factors, are involved in the differentiation of chondrogenic cells in both somites and in growth plates during the postnatal period [39] . A high level of expression of PAX9 is typical for minimally differentiated cells [40] , and the expression of SOX9 is necessary to induce the differentiation of chondrocytes and endochondral osteogenesis [41] .
The group of genes that are hyper-expressed in IS includes IHH, PAX1, TGFBR1, EGFR, SLC26A2, and CHST3. The PAX1 gene determines the pattern of sclerotome segmentation and the development of the intervertebral disc during formation of the axial skeleton [41] . High expression of PAX1, which regulates chondrogenic differentiation, was observed in growth plate chondrocytes of patients with IS. It likely indicative of a low level of differentiation of chondrocytes because PAX1 is expressed at the early stages of sclerotome chondrogenic differentiation [42] . The IHH gene is the principle transcription factor that is involved in the recognition of activating signals from both Bmp and IGF and is normally expressed in prehypertrophic chondrocytes of the growth plate [43] . We discovered single hypertrophic cells on the concave sides of growth plates of IS patients, and a high level of expression of this gene suggests a trend towards chondrocyte hypertrophy in patients with IS. The EGFR and TGFBR1 genes facilitate the expression of the corresponding growth factor receptors, and their expression is characteristic of actively proliferating cells [41] . It is also known that both of these factors are essential for the chondrocyte differentiation of the vertebral column growth [42, 43] . Although data on the expression levels of these genes are ambiguous, certain patterns could be assumed. For example, biochemical data show a decrease in PG sulfation and in CS relative to KS on the concave side of the deformity, although the SHST3 gene (responsible for sulfation of CS) is overexpressed and CHST1 expression remains stable. These data may only suggest a different degree of sulfation of these molecules. In turn, unbalanced expression of genes can result in the disruption of differentiation and physiological activity of cells. Because normal expression patterns of the corresponding genes define normal morphogenesis, alteration of cycling and gene interactions lead to the formation of anomalous structures [43] . Indeed, factor analysis showed a fundamental difference between the groups of IS patient samples and control samples. Each of the IS patient samples had a combination of features distinguishing it from the control sample (Figure 4) . 
Conclusion
In a previous repot, we presented new data on the deposition of the neural crest cells into growth plates of vertebral bodies [19] . It is known that during migration, neural crest cells change their expression profiles [44] . We hypothesize that changes in expression of adhesion molecules [45] promoted neural crest cell settlement in the sclerotome mesenchymal environment [46] . As a putative signaling pathway we suggest upregulation of Pax1. Within the mesenchymal sclerotome, Pax1 is subsequently downregulated in cells that undergo chondrogenesis and only maintained in the mesenchymal anlagen of the intervertebral discs and the perichondrium of the vertebral bodies [47, 48] . Thus, even though Pax1 is required to initially trigger chondrogenesis in the early sclerotome [39] , Pax1 overexpression prevents chondrocyte maturation in the differentiating sclerotome and inhibits Nkx3.2 expression and accumulation of proteoglycans [49] , explaining why after the establishment of the chondrogenic lineage, Pax1 expression is supressed in chondrocytes.
In this study we were able to demonstrate altered expression of genes regulating CS sulfation and corresponding protein synthesis in scoliotic specimens compared with control tissues. Biochemical analysis revealed 1) a decrease in diffused PG in the total pool of PG; (2) reduced level of their sulfation; 3) a reduction in the amount of CS coinciding with an increased amount of KS; and 4) reduced levels of sulfation on the concave side of the scoliotic deformity. It was suggested that growth asymmetry in IS patients is associated with complex functional impairment of the vertebral cartilage cells. Such impairment may be indicative of the existence of cells with different phenotypes, which may not respond to normal signals of differentiation in the growth plate. Elevated expression levels of growth factor receptors suggest a lack of growth factors or intermediary molecules. Further study should be directed toward the analysis of cartilage cell subpopulations and their gene expression.
We strongly believe that identification of alterations in gene expression causing IS is the first step to break a theoretical barrier in finding the cure for IS. Of course, a logical solution for the correction of the altered gene expression would be local gene modulation or protein compensation (DNA transfection, RNA silencing, etc.), which is an extremely difficult task. However, no matter how difficult the suggested mission is, it will become a practical challenge rather than a theoretical barrier if we can identify the therapeutic targets.
Abbreviations IS: idiopathic scoliosis; PG: proteoglycans; GAGs: glycosaminoglycans; CS: chondroitin sulfate; KS: keratan sulfate.
